• irregularity of the schedule of power generation and consumption; • necessity to meet the power demand by electric consumers in order to ensure their uninterrupted power supply; • metering of electric power for squaring accounts with power utilities (Efi mov et al., 2008) .
The installed capacity of modern mines can reach dozens, or even hundreds of megawatts depending on production conditions, depth of orebody occurrence, dimensions of mine taking, water abundance, levels of mechanization, automation, and other factors. In view of the above, the structure of power supply system in mines comprises of several sections, each having its own specifi c technical layout, technical characteristics, and electric equipment. Based on this principle, we can determine the following mine systems: external power supply, power supply for surface consumers, and power supply for underground workings (Golubtsov et al., 2014) .
The equipment consuming the largest amount of power is located on the mine surface and refers to the power supply system of surface consumers. This system comprises of powerful units as mine hoists, compressor plants, main fans, pumping stations, mills, and crushers on the area of the stowing complex (in the case of rock mining). Main fans (MFs), whose capacity reaches dozens of megawatts, are critically important for mine operation and ventilation (Reshetnyak et al., 2008) .
Main fans operate in a continuous mode with few starts and stops, which results in high power consumption, maximum performance, and, consequently, in fast wear of the equipment. The lifetime of such key unit as the main fan is rather long (several dozens of years), but sometimes, for production reasons, it is required to upgrade the equipment before its life cycle has expired. Thus, for example, it may be necessary to replace the main fans when the mine ventilation system resistance reaches inadmissible values, which can result from an increase in the mine depth, development of new workings, and simultaneous mining on several horizons. Nevertheless, the equipment needs upgrading not only to sustain its performance but also to meet the requirements of energy effi ciency and energy saving.
OBJECT OF RESEARCH
The "Internatsionalnyi" mine, the leader in mining kimberlitic ores under conditions of the Extreme North, is rightly considered the main polygon of the ALROSA PJSC Company intended for testing and elaborating the technologies of underground mining of kimberlitic ore. Designing and constructing of other mines by the ALROSA PJSC Company are underpinned by the analysis and generalization of the data obtained from building and operating of the "Internatsionalnyi" mine. In 2016, the mine saw the implementation of a number of unique strategic projects. Among them there is the building of an auxiliary ventilation duct complex for mining pit reserves and of a blind skip shaft for mining deep-lying deposits.
Replacement of the mine main fans within the program of technical retrofi tting deserves special attention. The main reason for the replacement of main fans was their lifetime expiration and increase in the mine ventilation system resistance, which required higher fan-induced depression.
The "Internatsionalnyi" mine ventilation unit, which started operation on June 1, 2002, consisted of VOD-50 axial-fl ow fans, manufactured in 1978, and the SDSZ-18-39-20RUHL4 electric motor. The fans were equipped with FCHVS high-voltage frequency converters made in 1990. It was obvious that such ventilation system was obsolete and worn out (Fedorov, 1995) . Moreover, according to the experts' reports, the lifetime of the FCHVS frequency converters had also expired. That is why in 2015, the FCHVS frequency converters in the electric drive system were substituted by Power Flex 7000 converters which are considered to be most advanced converters of the day. The energy effi ciency of a Power Flex 7000 variable-frequency electric drive is estimated in Fedorov (2011a,b) .
The selected new TAF-36/21.5-1 fans are set into motion by an A5L710P44-O8K-BExpz asynchronous motor (Crowder, 2006; Hughes, 2013) . Thus, not only the fans were replaced, but also the total system of the electric drive, which makes the project particularly meaningful for obtaining and comparison of analytical data with a view to studying certain issues.
The central ventilation system of the mine is based on the sucking principle. Fresh air is supplied through the cage shaft and exhausted via the skip shaft. The schematic chart of the mine ventilation system is shown in Fig. 1 .
The main fan unit is situated near the skip shaft. Ventilation of "deep" horizons is done with the help of 5 fans which are located in the cage shaft and which are additionally switched-on on demand. The static pressure necessary for a fan to overcome the aerodynamic resistance of the total mine network is 2105.2 Pa.
The technical specifi cations of the two considered MFU systems are listed in Table 1 .
AIM OF RESEARCH
The aim of the present research is to estimate the infl uence of equipment replacement on the changes of the energy effi ciency in the electric drive system. Comparison and analysis of two different MFU electric drive systems are essential for ensuring maximum energy effi ciency at each technological stage of mining production (Fashchilenko and Reshetnyak, 2014; Kuznetsov et al., 2010; Lyakhomsky et al., 2015a,b; Lyakhomsky and Babokin, 2012) . By using the actual data on operation of two fans and electric drive systems (of local and foreign production) at the "Internatsionalnyi" mine, it is possible to make the optimal decision as to selecting equipment for replacement in conditions of problematic import substitution.
METHODS OF RESEARCH
For the purpose of estimation, we used the method of a numerical experiment which incorporates mathematical modeling and subsequent comparison of two technical systems in MatLab software package (Semenov, 2012a ). This package is meant for simulation and study of static and dynamic systems in the broadest sense of the word, including discrete, continuous, and hybrid models. Simulink application, a component of MatLab environment, is, in fact, a block library and one of the most popular tools for numerical computation used in miscellaneous areas of knowledge (Semenov, 2014) . The following parameters were set as the input data for modeling: motor nominal angular speed, nominal volumetric fl ow rate, nominal pressure, fan nominal effi ciency, combined effi ciency of motor and converter. For analysis, we used the following input data: angular speed, volumetric fl ow rate, static pressure of the fan, power demand, and static resistance moment. Static pressure, volumetric fl ow rate, and the fan power were chosen as the main parameters of research.
The developed mathematical model is shown in Fig. 2 . It comprises the following main blocks of MatLab/Simulink library: Constant-a constant, imitating the setting of the speed input value and other input data; Transfer Fcn-transferring functions related to the power and mechanical parts of the motor and the frequency converter; Subtract-summators of signals and feedbacks; Gain-amplifi ers of the mechanical part of the motor and the speed feedback; Integrator-integrating component of the motor mechanical part; Display and Scope blocks-display and oscillograph for numerical and graphic depiction of output data.
The model also includes two subsystem blocks: subsystem and subsystem 1 which are presented in Fig. 3 . They are related to the fan mechanical part. The subsystems, in turn, comprise the blocks of mathematical operations from Simulink/Math Operations library, such as Divide, Product, Math Function, etc. Thus, the developed model takes into account all the elements of the fan unit of the electric drive system. The technique of developing such models of an automated electric drive for industrial units is presented in detail in Fashchilenko (2011) , Semenov (2012b) .
Since the mathematical models of the two MFU systems are identical (except for the input parameters), let us discuss only the model of the implemented system. The model presented allows obtaining the fan parameters at different speeds of the motor (impeller). However, the model does not account for the automatic change of the vane angle which is the feature of the new TAF-36/21.5-1 fan. In other words, the system of the TAF-36/21.5-1 fan control can select an optimal vane angle and the impeller speed for the set volumetric fl ow rate and static pressure values for the sake of ensuring minimum energy consumption. The system of the earlier installed VOD-50 fan could not boast of such options. That is why, in order to ensure objective assessment of the two systems, this paper presents a simulation of the operation of the unit only at the speed alteration when the fan vane angle is fi xed.
Subsystem 1 (Fig. 3b) allowed plotting the dependences of effi ciency, fan active power, the power consumed by the fan unit, and the fan resistance static moment with respect to the angular speed. To calculate the effi ciency, power, static moment, and the electric power consumed by the fan we used the following formulas: 1) the fan effi ciency is determined with the help of the Moody formula:
where η fnom is the nominal (rated) fan effi ciency, ω is the fan angular speed, rad/s, and η nom is the motor nominal angular speed, rad/s; 2) the power generated by the fan is determined by
where Q is the volumetric fl ow rate, m 3 /s, and P is the total static pressure produced by the fan, Pа; 3) the moment of the fan static resistance is determined by
4) the full power consumed by the fan unit is determined by
where η m is the electric motor effi ciency, and η c is the frequency converter effi ciency.
In order to set several parameters in subsystem 1, it is necessary to take into account the following considerations: the transmission coeffi cient of the Gain amplifi er is selected on condition that the unit for measuring power is converted from W into kW; the upper limit in Saturation is set a bit higher than the nominal fan moment, the bottom threshold is equal to zero; the upper limit in Saturation 1 is set by the motor nominal power, the bottom threshold is equal to zero.
FINDINGS
In accordance with the input data for the two systems, the change in the parameters of the fan units in conditions of the fan angular speed regulation was analyzed. For this purpose, the numerical values of the parameters were fi xed in the Display block (Fig. 2) , while changing the signal of speed setting (Constant). The obtained data are listed in Tables 2 and 3 . In order to compare the parameters, the data are presented in relative units ( * superscript), i.e., the base parameters are nominal values of angular speed, volumetric fl ow rate, and total pressure. The base value of the consumed power for the fans under study was determined according to Considering that the operation time of the MFU (T o ) is 8760 h/year, the estimated annual power consumption for either of the fans will be W VOD = P f VOD · T o = 800 · 8760 = 7,008,000 kWh/year ; W TAF = P f TAF · T o = 500 · 8760 = 4,380,000 kWh/year .
Then the electric power economy resulting from implementation of the TAF-36/21.5-1 fan will be ΔW = W VOD -W TAF = 2,628,000 kWh/year.
In terms of the monetary equivalent, considering the power tariff, the economy (E year ) from the proposed implementations will amount to E year = ΔW · tariff = 2,628,000 · 4.95 = 13,008,600 Rub , where tariff = 4.95 Rub is the cost of 1 kWh of power according to the tariff of ZES AK "Yakutskenergo" for the "Internatsionalnyi" mine in 2017. In order to check the results of modeling and to compare the design data and actual physically measured data, we conducted instrumental control of the main parameters of the MFU system and the electric power quality indices Semenov and Kuznetsov, 2014) . It is critical to exercise proper power quality control at enterprises equipped with high-voltage frequency converters such as Power Flex 7000 used in MFU. High-voltage frequency converters are used in electric drive systems of high-power units; hence, their infl uence on the electric supply system is signifi cant.
The power quality was controlled by the tool of PowerQ4 MI2592 type at the fans intake cells. According to the technical specifi cation of Power Flex 7000 frequency converter, the total harmonic distortion of the current curve does not exceed 5%. The measurement results are shown in Fig. 6 . The analysis of the results confi rms that the current THD curve is higher than 5% only in the dynamic modes of electric drive operation (Fig. 6) . Figure 7 presents the results of measuring the active power P f , reactive power N, and the total power S. It is easy to distinguish characteristic regions of the graph showing the time when the fan is in a standby mode, when it starts up, operates at a low rate, and reaches the set value.
According to the measurements, the consumed active power P f is about 400 kW, which is different from the design value of 500 kW, proving that the actual power saving is even higher.
The divergence between the modeling results and the actual measurement data is explained by the previously mentioned fact that the system of TAF-36/21.5-1 fan control regulates two parameters simultaneously: the vane angle and the impeller speed. This system also fi nds its optimal values in order to ensure the set technological parameters at the minimum power consumption. 
CONCLUSIONS
Following the aim of the research, the effect was estimated produced by the replacement of the mine main fan unit on the energy effi ciency of the electric drive system. Application of the MatLab package for mathematical modeling made it possible to establish that such replacement causes a substantial increase in the energy effi ciency of the system after implementation of the TAF-36/21.5-1 fan. The energy saving related to the maintenance of the required pressure at the mine was more than 13 mln Rub/year in monetary equivalent.
Power quality investigation and the instrumental control of the consumed power parameters were carried out. The research confi rmed the parameters design values. The power quality indices were found to conform to the standards in conditions of high-voltage frequency converter operation on the fan unit.
